Abstract.-A key challenge for biologists is to document and explain global patterns of diversification in a wide range of environments. Here, we explore patterns of continental-scale diversification in a groundwater species-rich clade, the superfamily Aselloidea (Pancrustacea: Isopoda). Our analyses supported a constant diversification rate during most of the course of Aselloidea evolution, until 4-15 Ma when diversification rates started to decrease. This constant accumulation of lineages challenges the view that groundwater species diversification in temperate regions might have been primarily driven by major changes in physical environment leading to the extinction of surface populations and subsequent synchronous isolation of multiple groundwater populations. Rather than acting synchronously over broad geographic regions, factors causing extinction of surface populations and subsequent reproductive isolation of groundwater populations may act in a local and asynchronous manner, thereby resulting in a constant speciation rate over time. Our phylogeny also revealed several cases of parapatric distributions among closely related surface-water and groundwater species suggesting that species diversification could also arise from a process of disruptive selection along the surface-subterranean environmental gradient. Our results call for re-evaluating the spatial scale and timing of factors causing diversification events in groundwater. [Adaptive shift hypothesis; birth-death-shift model; climatic relict hypothesis; cryptic species; diversification rate; diversification slowdown; molecular timetree; subterranean ecosystems.] INTRODUCTION A key challenge for biologists is to document and explain global patterns of diversification (Ricklefs 2004) . Addressing this challenge depends on convergence of theories in evolutionary biology and ecology (e.g., Wiens 2011) and integration of data and tools from paleobiology and molecular ecology (e.g., Morlon et al. 2011) . As a result, the conceptual and methodological framework for addressing global patterns of diversification is constantly changing. Changes in diversification rate within a clade are due to variation in the balance between speciation and extinction, and this balance ultimately depends on the interaction between 3 processes: selection, drift, and dispersal. From this point of view, most if not all models of diversification essentially differ in how they emphasize the effect of distinct factors-including species interactions, changes in the physical environment, and genetic features (e.g., polyploidy)-on these 3 interacting processes. Indeed, the Red Queen model (Van Valen 1973) assumes that selection shapes diversification patterns at local scales through the overriding effect of species interactions and evolvability, as continuing adaptation is needed to survive in a constantly evolving biotic environment (Benton 2009). This model predicts both speciation and extinction to be constant over time (Stenseth and Maynard Smith 1984; Benton 2010 , Venditti et al. 2010 . In contrast, the Court Jester model (Barnosky 2001) postulates that major perturbations in the physical environment acting at global scales are the main factors affecting selection, drift and dispersal.
INTRODUCTION
A key challenge for biologists is to document and explain global patterns of diversification (Ricklefs 2004) . Addressing this challenge depends on convergence of theories in evolutionary biology and ecology (e.g., Wiens 2011) and integration of data and tools from paleobiology and molecular ecology (e.g., Morlon et al. 2011) . As a result, the conceptual and methodological framework for addressing global patterns of diversification is constantly changing. Changes in diversification rate within a clade are due to variation in the balance between speciation and extinction, and this balance ultimately depends on the interaction between 3 processes: selection, drift, and dispersal. From this point of view, most if not all models of diversification essentially differ in how they emphasize the effect of distinct factors-including species interactions, changes in the physical environment, and genetic features (e.g., polyploidy)-on these 3 interacting processes. Indeed, the Red Queen model (Van Valen 1973) assumes that selection shapes diversification patterns at local scales through the overriding effect of species interactions and evolvability, as continuing adaptation is needed to survive in a constantly evolving biotic environment (Benton 2009 ). This model predicts both speciation and extinction to be constant over time (Stenseth and Maynard Smith 1984; Benton 2010 , Venditti et al. 2010 . In contrast, the Court Jester model (Barnosky 2001) postulates that major perturbations in the physical environment acting at global scales are the main factors affecting selection, drift and dispersal.
Under this model, speciation and extinction rates are expected to exhibit large shifts in response to these perturbations. However, recent studies have challenged this dichotomous interpretation of diversification rates into either the Red Queen or Court Jester model. Venditti et al. (2010) showed that a constant speciation rate could also be derived from a model supposing many but rare stochastic events including biotic interactions, physical factors and genetic changes that could each individually cause reproductive isolation. Similarly, large shifts in speciation rates can also be caused by the appearance of key biological innovations (e.g., Kocher 2004; Drummond et al. 2012 ) rather than by major changes in the physical environment. Another challenge in interpreting diversification pattern comes from molecular phylogenies that often revealed a decrease in the slope of lineage accumulation through time toward the present (e.g., Schnitzler et al. 2011) . Again, various hypotheses were proposed to explain slowdown in diversification rates, including diversitydependent mechanisms (Weir 2006; Price 2008, 2009; Rabosky and Lovette 2008) , insufficient sampling (Cusimano and Renner 2010) , patterns of geographic speciation (Pigot et al. 2010) , and protracted speciation (Etienne and Rosindell 2011) . Despite the inherent difficulty in drawing the link between patterns and processes, recent theoretical and analytical advances in molecular phylogeny have revived interest for studies of diversification dynamics among diverse taxa.
Obligate groundwater species-those organisms that complete their entire life cycle exclusively in groundwater (thereafter referred to as groundwater species)-provide a rare opportunity to document diversification dynamics in an extreme environment. Groundwater habitats are characterized by constant darkness, an extremely low food supply due to the absence of photosynthetic primary production, and seasonal stability of abiotic factors, particularly temperature (but annual groundwater temperature closely tracks that of air temperature) (Gibert et al. 1994) . There are about 7000 groundwater species worldwide, of which more than 40% belong to the Pancrustacea (Gibert and Deharveng 2002) . Groundwater species exhibit a number of morphological (depigmentation and anophtalmy), physiological (low metabolic rate), and life-history traits (delayed sexual maturity and decreased fecundity), often referred collectively to as the troglomorphic syndrome (Culver et al. 1995) . Factors leading to the colonization of groundwater and reproductive isolation of colonizers from surfacewater populations have been the subject of intense debates since the beginning of biospeleology (Barr and Holsinger 1985; Botosaneanu and Holsinger 1991) . These debates resulted in the formulation of 2 contrasted hypotheses seeking to explain how groundwater species diversification might proceed from surface colonizers. According to the adaptive shift hypothesis (ASH; Howarth 1987) species diversification depends primarily on species exaptations and evolvability as these biological features alone enable divergent natural selection to impose ecological reproductive barriers along the surface-water-groundwater environmental gradient (Niemiller et al. 2008) . ASH is expected to result in a pattern of constant diversification rate. In contrast, the climatic relict hypothesis (CRH; Barr and Holsinger 1985) assumes that divergent selection alone is not sufficient to overcome the homogenizing process of dispersal between groundwater and surface-water populations. Diversification proceeds because major physical perturbations acting over broad geographic regions (e.g., aridification) synchronously interrupt gene flow among many groundwater populations by driving surface-water populations to extinction (Niemiller et al. 2008) . Consequently, many isolated groundwater populations undergo synchronous speciation, leading CRH to predict large shifts in diversification rates. These 2 hypotheses have never been tested with paleontological data because most groundwater species left no trace in the fossil record. Nevertheless, they can be examined using molecular phylogenies of extant taxa.
In this study, we explore patterns of continentalscale diversification in a groundwater species-rich clade, the superfamily Aselloidea (Pancrustacea: Isopoda). First, we delineated taxonomic units with molecular methods and uncovered a large number of unrecognized (morphologically cryptic) species. Three Bayesianrelaxed molecular clock models were then used to estimate divergence times among taxonomic units. Finally, we employed recently developed methods for estimating changes in speciation and extinction rates in extant-species phylogenies (Paradis 2011; Stadler 2011 
MATERIALS AND METHODS

Taxon Sampling and Molecular Data
Our data set comprised a total of 114 Aselloidea morphospecies collected at 300 sites spanning a wide range of freshwater habitats in Europe and the United States (see online Appendices 1 and 2 for coordinates and locality names; appendices and data deposited in the Dryad repository: doi:10.5061/dryad.419vv). Of these 300 sites, 217 were sampled by the authors, 61 were sampled by collaborators and 22 corresponded to localities of DNA sequences deposited in NCBI. Sites were selected from a personal database of Aselloidea occurrence to encompass the diversity and geographic range of morphospecies in a reasonable sampling effort (ca. 250 person-days). From 2005 to 2011, caves, springs, wells, and the hyporheic zone of streams were sampled using different pumping and filtering devices (Bou-Rouch pump, Cvetkov net, and Surber sampler). Specimens were placed in 96% ethanol at ambient temperature for transportation back to the laboratory, then at 4 • C until morphological identification. They were identified using original species diagnoses, which were mostly based on the morphology of male copulatory organs (second pleopod, see online Appendix 2 for species names, authorities and description dates). Male pleopods were mounted on slides (available upon request from the authors) and the remaining part of each specimen was conserved at −20 • C until molecular analysis. For each morphospecies in a site, we sequenced whenever possible 1 morphologically identified male and 2 unidentified individuals with different body sizes in order to increase the possibility of detecting additional species. DNA was then extracted from those specimens following an optimized chloroform DNA extraction protocol (Calvignac et al. 2011) . We amplified DNA with primers targeting the mitochondrial cytochrome oxidase subunit I (COI) gene, 16S mitochondrial rDNA gene and 28S nuclear rDNA gene (online Appendix 3). PCR reactions were done following a previously optimized protocol (Calvignac et al. 2011 of nuclear mitochondrial pseudogenes in COI and 16S data sets, we combined for each morphospecies in a site (whenever possible) 3 methods from Calvignac et al. (2011) : different primers pairs (online Appendix 3), longrange amplification (in this case we used 0.09 U Taq DNA polymerase instead of 0.15 U) and pre-PCR dilution of genomic DNA. Different primer pairs were also used when characterizing 28S fragments in order to detect putative paralogs. Sanger sequencing was performed by service providers (GATC Biotech, Konstanz, Germany; Eurofins MWG Operon, Ebersberg, Germany; and BIOFIDAL, Vaulx-en-Velin, France). Chromatograms were visualized using FinchTV Version 1.4.0 (Geospiza, Inc., Seattle, WA, USA; http://www.geospiza.com last accessed July 2, 2012). Sequences were submitted to GenBank (accession numbers JQ921017-JQ922029). Then, all sequences were aligned with Muscle as implemented in Seaview (Version 4.2.12; Gouy et al. 2010) . For each data set, poorly aligned positions and divergent regions were removed using Gblocks (Version 0.91b; Castresana 2000). Alignments were declared in Gblocks as DNA (16S and 28S) or Codon (COI) and parameters were set following author's recommendation for less stringent selection. Selections were then checked by eye and minor editing was done manually.
Evolutionary Units
Recognizing species boundaries is a crucial step in studies of diversification because species are the fundamental units that undergo speciation and extinction events. In recent decades, DNA-based methods of species delineation have revealed the prevalence of cryptic species complexes in many organismal groups (see Bickford et al. (2007) for review). In this analysis, taxa were delineated based on an initial COI alignment (online Appendix 2) using the threshold method defined by Lefébure et al. (2006a) and the General Mixed Yule-Coalescent (GMYC) method proposed by Pons et al. (2006) . For the threshold method, we developed a Perl script to remove duplicate haplotypes from the COI alignment. For haplotype recognition, ambiguities were not considered as differences between sequences, but gaps were. The best representative for any given haplotype was defined as the longest sequence (containing the fewest ambiguities) using R (R Development Core Team 2011) package seqinr (Version 3.0-3; Charif and Lobry 2007) . Then, a COI haplotype phylogeny was built by maximum likelihood using PhyML (Version 3.0; Guindon et al. 2010 ) under a GTR+G+I model of evolution. We used the R packages ape (Version 2.7-3; Paradis et al. 2004 ) to compute patristic distances from this phylogeny and cluster (Version 1.14.1; Maechler et al. 2002) to define evolutionary units according to the 16% divergence threshold (Lefébure et al. 2006a) . For the GMYC method, a chronogram was inferred with BEAST (Version 1.6.1; Drummond and Rambaut 2007), using the best representative COI sequence for each haplotype (cf. threshold method). We used a GTR+G+I for the substitution model with 3 partitions (codon positions 1, 2, and 3), an uncorrelated lognormal Bayesian-relaxed molecular clock model (Drummond et al. 2006 ) and a Yule model for the speciation model. Paleobiogeographic calibration points were used to constrain 3 nodes, as an Aselloidea fossil record is lacking. First, divergence between Mexistenasellus coahuila (Mexico and Texas) and Stenasellus galhanoe (Portugal) was constrained between −250 myr (Neothetys opening, Stampfli 2000; diversification of the Stenasellidae, Magniez 1999) and −180 myr (central Atlantic opening, Davaille et al. 2005) . Second, divergence between Stenasellus breuilli (Pyrenees) and Stenasellus racovitzai (Corsica) was set between −250 myr and −29 myr (Corsica-continent separation; Orsini et al. 1980) . Third, divergence between Gallasellus heilyi (France) and Caecidotea kenki (Washington) was constrained between −300 myr (oldest isopod fossil discovered; Schram 1970) and −54 myr (North Atlantic opening; Skogseid et al. 2000) . The definition of priors for chronogram inference is further detailed in online Appendix 4. The Markov Chain Monte Carlo (MCMC) was run for 100 million generations and sampled every 10 000 generations. Two independent runs were first checked for convergence with Tracer (Version 1.5; Rambaut and Drummond 2007) and then combined with LogCombiner, discarding the first 10 million iterations of each run as burn-in. The posterior sample of the trees was summarized by TreeAnnotator to produce a maximum clade credibility tree. Finally, evolutionary units were defined from this tree using the single-threshold GMYC method (Pons et al. 2006) as implemented in R package splits (Version 1.0-11; Ezard et al. 2009 ).
Molecular Dating
Two sets of COI, 16S and 28S haplotypes, were assembled according to both species delineation methods. Following criteria and methods described above (i.e., the longest and least ambiguous sequences), we retained the best representative individual per evolutionary unit (except for 3 evolutionary units for which sequences belonging to different individuals from the same location had to be concatenated; online Appendix 5). Divergence times were estimated considering 3 Bayesian-relaxed molecular clock models. First, we used an uncorrelated lognormal model (Drummond et al. 2006) ; second, an uncorrelated exponential model (Drummond et al. 2006) ; and finally, a correlated lognormal model (Thorne and Kishino 2002) . For both uncorrelated models implemented in BEAST, we used a Yule model for the speciation model and an independent GTR+G+I substitution model for each gene, with partitions for each codon position (position 1, 2, and 3) for the COI gene (priors are detailed in online Appendix 4). Calibration points and MCMC parameters were identical to those used for dating the 515 COI tree (see section above). The Multidivtime correlated model was implemented using the R add-on package LAGOPUS (Version 1.4.6; Heibl 2010) as an interface with Multidivtime (Thorne et al. 1998; Thorne and Kishino 2002) and PAML (Yang 1997) . A reference topology was constructed with PhyML using a GTR+G+I model of evolution. Bayesian priors for Multidivtime were defined according to the author's recommendations and are detailed in online Appendix 4. Again, we defined calibration priors as for COI phylogeny dating, and all dates were divided by 100 to set the rttm parameter between 0.1 and 10 time units (the mean of the prior distribution for the time separating the ingroup root from the present). Then, we set the rttm at 3 (for 300 myr), with 3 of standard deviation and defined the bigtime parameter (maximum root age) as 4 (for 400 myr). After a burn-in period of 100 000 generations, MCMC chains were sampled every 100 generations until 10 000 samples were obtained. All 3 analyses were performed for both threshold and GMYC species delineation data sets.
Diversification Analysis
Lineage through time (LTT) plots for BEAST analyses and their 95% confidence intervals were calculated with Tracer using default parameters. We then looked for shifts in diversification rates from chronograms using the birth-death-shift approach proposed by Stadler (2011) . This analysis was implemented using Stadler's greedy approach (Stadler 2011 ). We computed rates of diversification by 1-myr steps over the whole tree and tested several values for the phylogeny exhaustiveness parameter (10%, 20%, 50% and 100%) as this parameter could not be estimated precisely. This computation was implemented on the 2 Multidivtime chronograms as well as on 2000 randomly sampled trees from MCMC sampling (after burn-in removal) for all BEAST analyses (lognormal and exponential models on threshold and GMYC data sets) to account for dating and topology uncertainties. We checked for differences in the variation of diversification rate among aselloid lineages by implementing the birth-death-shift approach for 2 Proasellus lineages (Alpine and Ibero-aquitanian) using the 2000 MCMC chronograms, pruned to these lineages. Finally, we used the time-dependent Yule approach defined by Paradis (2011) on each chronogram as implemented in ape. We tested whether a constant, a logistic or a step model of speciation (with 1 or 2 shifts in diversification rates) best fit our data. The Akaike Information Criterion (AIC) was used for model comparison.
RESULTS
Cryptic Diversity and Species Delineation
DNA-based methods revealed a large number of cryptic species among Aselloidea (online Appendices 2 and 5). Of 300 sites representing 678 individuals from 114 morphospecies, we identified 496 COI haplotypes (597 aligned base pairs). Using this data set, the threshold method defined 186 evolutionary units (online Appendices 2 and 5). Twelve of these units were further subdivided into 2 or more units by the GMYC method, which recognized a total of 204 evolutionary units (online Appendices 2 and 5). Of these 204 evolutionary units, 167 were restricted to groundwater (or 155 obligate groundwater units out of 186 for the threshold method). The congruence between the 2 distinct species delineation methods supported a strong genetic differentiation among evolutionary units, some of which were not differentiated morphologically. Most notably, 35% of the 102 morphological species for which we sampled more than one individual were cryptic species complexes. This proportion reached 78.5% for the 42 morphological species that were sampled at more than one site.
Timetree for Aselloidea Diversification
Analysis of Aselloidea phylogenetic relationships (Fig. 1a , online Appendix 5) revealed a strong congruence between molecular and morphological taxonomies, regardless of the methods used for delineating evolutionary units and for estimating chronograms. Stenasellidae and Asellidae were monophyletic (with posterior probabilities ranging from 0.97 to 1) and all but 2 genera were monophyletic. The only 2 exceptions were the position of Chthonasellus bodoni (a monotypic genus) and the putative paraphyly of the genus Lirceolus (posterior probabilities ranging from 0.50 to 0.82). Chthonasellus bodoni is probably a morphologically derived species belonging to Proasellus (posterior probabilities ranging from 0.99 to 1). The tree topology for Proasellus was also consistent with earlier subdivisions of this genus into distinct morphological lineages. According to our chronograms, the 8 morphological lineages represented in the data set could be further grouped into 4 major phylogenetic lineages (i.e., the slavus, coxalis, Alpine and Ibero-aquitanian lineages; Fig. 1a ). Most morphological species of Aselloidea were found to be monophyletic (i.e., 30 out of 33 species that could be tested for monophyly), despite the prevalence of cryptic complexes within morphological species. Interestingly, Aselloidea phylogeny revealed 8 cases of parapatric distribution among surface-water-groundwater sister species of the Iberian Proasellus and Bragasellus (Fig. 1a) . Both deeper and more recent nodes of the topology have robust support, although the relationships between Asellidae genera and the history of earlier Proasellus phylogenetic lineages were more difficult to clarify.
Aselloidea appeared to be an old lineage, regardless of which Bayesian-relaxed molecular clock model was used ( Fig. 1; Birth-death-shift analyses performed on 2000 chronograms sampled from MCMC. Y-axis indicates distinct analyses combining species delineation methods, Bayesian-relaxed molecular clock models and sampling exhaustiveness. Letters G and T correspond to GMYC and threshold species delineation methods, respectively. Letters E and L correspond to uncorrelated exponential and lognormalrelaxed molecular clock models, respectively. Numbers show sampling exhaustiveness (10%, 20%, 50%, and 100%). X-axis shows the age of diversification shifts using 2-myr intervals. Line height is proportional to the number of chronograms that indicate either the absence of shift or one shift within a 2-myr interval. Era and Period with their symbols are the same as in Figure 1 . extinction, about 374 Ma. Our analysis placed the early diversification of Stenasellidae and Asellidae families in the Permian and that of Proasellus lineages in the upper Jurassic. Absolute age estimates differed among molecular clock models but these estimates were strongly and positively correlated (online Appendix 6). The uncorrelated exponential model inferred younger cladogenesis events than both the uncorrelated and correlated lognormal models, but found very old root age estimates with a long period of stasis between the root and the first diversification event. The correlated lognormal model also inferred older dates than the uncorrelated lognormal model.
Patterns of Aselloidea Diversification
Birth-death-shift analyses supported a single recent shift in diversification rate between 4 and 15 Ma ( Fig. 2; online Appendix 7). Strikingly and contrary to the assumptions of the CRH, the recent shift corresponded to a decrease in diversification rates (Fig. 3) , as also suggested by the LTT plot shape (Fig. 1b) . Several trees indicated either a total absence of shift or an additional older shift in diversification rates. The proportion of FIGURE 4. Boxplot of the difference in diversification rates before and after the recent shift for Proasellus Ibero-aquitanian lineage. These results were inferred from the birth-death-shift analyses performed on 2000 chronograms sampled from MCMC. A negative difference indicates less diversification after the shift. Letter and gray pattern code are the same as in Figure 3. trees out of the 2000 chronograms randomly sampled from MCMC indicating an absence of shift varied from 0 to 30% among birth-death-shift analyses (Fig. 2) . The older shift lacked temporal precision, with age estimates ranging from 50 to 150 Ma depending on birth-death-shift analyses and sampled trees. Yet, none of the 16 birth-death-shift analyses accounting for differences in species delineation methods, molecular clock models and sampling exhaustiveness detected consistent positive shifts, which might have indicated sudden increases in diversification rates over the history of Aselloidea. The diversification patterns of 2 Proasellus lineages (Alpine and Ibero-aquitanian) were similar to that of Aselloidea; there was no shift for the Alpine lineage and only one recent shift corresponding to a decrease in diversification rates for the Ibero-aquitanian lineage (Fig. 4) . This recent shift in diversification rate turned to be positive for sampling exhaustiveness values of 10% and 20%. However, this result was not biologically relevant because we sampled nearly 50% of species within the Ibero-aquitanian lineage. The overall continuous diversification rate supported by birth-death-shift analyses was corroborated by timedependent Yule analyses. This independent method argued for a better fit of a logistic model for chronograms built with both the uncorrelated and correlated lognormal Bayesian-relaxed molecular clock models (Table 1) . It detected one very old shift for chronograms built with uncorrelated exponential model. However, this shift was only due to a long stasis between the root and the first diversification event.
DISCUSSION
Robustness of Aselloidea Diversification Pattern
The constant accumulation of lineages until 4-15 Ma when diversification rates slow down challenges the dominant view that major environmental changes affect diversification rates of groundwater taxa (e.g., Leys et al. 2003) . However, this finding was supported by 2 independent methods, the birth-death-shift and the time-dependent Yule analyses. In a context of strong cryptic diversity (Lefébure et al. 2006b (Lefébure et al. , 2007 Trontelj et al. 2009 ), our results were also robust to uncertainties in species delineation, which might have led to incorrect rate inferences, especially in the near present. The threshold and GMYC methods inferred roughly the same number of evolutionary units despite making different assumptions to delineate species. In addition to the congruence between these 2 independent methods, the delineation of evolutionary units based on mitochondrial DNA was corroborated by the distribution of haplotypes of the nuclear 28S marker among COI units. Indeed, most 28S haplotypes occurred in a single COI unit (93% and 87% for the threshold and GMYC unit, respectively) and most COI units were composed of a single 28S haplotype s.l. (defined as sequences differing by no more than one substitution; 85% and 88% for the threshold and GMYC units, respectively). Moreover, we found that diversification patterns did not differ among birth-death-shift analyses performed under different sampling exhaustiveness scenarios. However, these analyses did not test for the effect of uneven sampling among lineages, which might have affected diversification rate estimates (Höhna et al. 2011) . This issue was addressed by performing separate diversification analyses of the Ibero-aquitanian and Alpine Proasellus lineages, for which we, respectively, sampled 47% and 80% of described morphospecies. These 2 lineages, which colonized contrasted climatic regions and differed in their proportion of surfacewater and groundwater species, were also selected to check whether the diversification pattern of Aselloidea might have arisen because of the lumping of lineages potentially showing diversification shifts in opposite directions (Barnosky 2001) . These separate analyses did not provide any evidence for a potentially strong bias of sampling unevenness among lineages nor for an averaging effect of shifts in opposite direction because they revealed no differences in the diversification patterns between Proasellus lineages and Aselloidea.
A Role for Climatic Crises?
The CRH stems from a long-standing idea in evolutionary biology that gene flow via dispersal from abundant source populations, here in surface populations, can prevent local adaptations, in this case in groundwater habitats (Kawecki and Ebert 2004) . Hence, climatic crises were hypothesized to induce multiple synchronous speciation events in temperate ecosystems by creating subterranean isolates through the extinction of surface populations (Barr and Holsinger 1985) . Assuming that the birth-death-shift and timedependent Yule analyses were powerful enough to detect major shifts in diversification rate, our results did not support this hypothesis. Yet, the results were not incompatible with a CRH-like model in which environmental factors affected diversification locally in an asynchronous manner. Alternatively, speciation may be limited more by the persistence and evolution of isolates rather than by isolate formation. Dynesius and Jansson (2000) argued that Milankovitch climate oscillations decreased gradual speciation because stable periods were too short for the isolates to evolve before they were either eliminated or reconnected during the next climatic shift. Those climatic oscillations caused larger temperature changes toward the poles and 519 selected for higher dispersal abilities and generalism. Therefore, if the majority of subterranean isolates either became extinct or was rapidly reconnected, species diversity should expectedly be lower at high latitudes. This is consistent with the latitudinal distribution of Aselloidea, as only 36 of the 204 evolutionary units considered in this study occurred north of 45 • N. Thus, although we again acknowledge the difficulty of inferring processes from patterns, the diversification pattern of Aselloidea is not consistent with the assumption that the synchronous formation of isolates due to the interruption of gene flow by major climatic perturbations is the primary factor promoting groundwater speciation.
The necessity of a climatic-induced allopatric phase for impairing gene flow is no longer central to the ASH, whose original formulation resulted from the discovery in the tropics of closely related surface and fully evolved subterranean species having parapatric distributions (Howarth 1987) . Our phylogeny of Aselloidea showed that such a geographic distribution pattern also occurred in temperate ecosystems by revealing at least 8 cases of parapatric distribution among surface-watergroundwater sister species of the Iberian Proasellus and Bragasellus (Fig. 1a) . ASH involves a continuous process of disruptive selection by which diversification proceeds as a result of ecologically divergent selection (Schluter 2001) . Indeed, the environmental gradient imposed during subterranean colonization can have major consequences on both phenotype (Christiansen 1962) and genotype (Protas et al. 2011) . The significance of these consequences depends both on the evolvability of organisms and the presence of exaptations. Aselloidea present obvious traits in favor of their evolvability and exaptation, as exemplified by the rapid differentiation of Asellus aquaticus populations in response to predation pressure (Eroukhmanoff et al. 2009) or the presence of antennal nonvisual mating signals in surface populations of the same species (Bertin and Cézilly 2003) . Yet, there is still much debate about how ecologically divergent selection can promote speciation rather than favor the maintenance of intermediate generalist phenotypes or the stability of populations having a source-sink structure (Kawecki and Ebert 2004) .
Slowdown in Diversification Rate
Major changes in the physical environment were unlikely to be responsible for the slowdown in diversification rate observed during the Neogene. Age estimates for the slowdown encompassed one major crisis, the Messinian salinity crisis (5.3 Ma), which resulted in a major expansion of groundwater habitats in response to increasing karstification over most of southern Europe (Audra et al. 2004; Mocochain et al. 2006) . However, it is hardly possible to make a causal link between the deceleration of diversification rate and the Messinian crisis because increasing habitat availability would be expected to speed up diversification. Slowdown in diversification rates near present is a widely observed pattern in phylogenetic analysis of diversification, but its biological interpretation has long been debated (Bokma 2009; Etienne et al. 2012) . Indeed, diversification slowdown can be a methodological artifact due to insufficient sampling (Cusimano and Renner 2010) . However, the slowdown during the Neogene repeatedly appeared among birth-death-shift analyses performed under different sampling exhaustiveness scenarios. We also tested the possibility that over-lumping of evolutionary units by the 2 species delineation methods might have caused the observed deceleration in diversification rate near the present. This possibility was assessed by calculating the expected number of extant species under a Yule model (i.e., with no slowdown). The threshold required to reach that number was 0.02 instead of 0.16 as defined for crustaceans (Lefébure et al. 2006a) , and the GMYC likelihood was 52 points lower than the maximum likelihood ( AIC = 105). These observations suggested that the slowdown was not due to overlumping. Given that cryptic lineages nearly doubled the number of species in our data set, we emphasize the need to integrate cryptic species as a major component of species diversity in any analysis of diversification patterns.
When considered as biologically relevant, deceleration of diversification rate has mostly been discussed in the context of adaptive radiations: the presence of unexploited resources stimulates diversification but speciation slows down as niches become filled (Gavrilets and Vose 2005; Betancur-R et al. 2012 ). An analogous process might have recently constrained the diversification rate of Aselloidea, although we contend that the low number of lineages accumulated per unit of time (diversification rate is ranging from 0.013 to 0.024 lineages per myr for the trees indicating an absence of shifts) does not fit the classical scheme of adaptive radiation. Low diversification rates in groundwater species are perhaps not unexpected given that low food resources (i) select for life-history traits such as low metabolic rate and decreased fecundity which lead to lower speciation rates (Kisel et al. 2011 ) and (ii) may lead to increasing competition both within and between species (Culver 1994; Malard et al. 2009 ; but see Stoch 1995) . Slowdown in diversification can also result from the division of geographic ranges accompanying speciation. Indeed, geographic range size constrains the probabilities of diversification, as larger areas would for example promote speciation due to greater habitat heterogeneity and geographic isolation by distance and decrease extinction by providing more refugia to survive perturbations (Pigot et al. 2010; Kisel et al. 2011) . Spatially explicit models of geographic range evolution and cladogenesis effectively produced declining rates of diversification when speciation events are not followed by range expansion in daughter species (Pigot et al. 2010) . Thus, the slowdown in diversification rate of Aselloidea can conceivably arise in the absence of any niche-based mechanism if groundwater speciation 520 SYSTEMATIC BIOLOGY VOL. 62 either by allopatry or parapatry leads to a decline in the average range size of lineages.
CONCLUSION
This continental-scale diversification study of a groundwater species-rich clade provides strong support for a constant accumulation of lineages, rather than overwhelming shifts in diversification rates. This challenges the generally held view that diversification of subterranean species in temperate regions might have been driven primarily by major climatic events leading to the extinction of surface populations and subsequent synchronous isolation of multiple subterranean populations. Rather than acting synchronously over broad geographic regions, environmental factors causing extinction of surface population and subsequent reproductive isolation of groundwater population may act in a local and asynchronous manner, thereby resulting in a constant speciation rate over time (see Benton 2010; Venditti et al. 2010 ). Yet, this study also revealed cases of parapatric distributions among closely related surface-water and groundwater species suggesting that species diversification could also arise from a process of disruptive selection along the surface-subterranean environmental gradient (e.g., Leys et al. 2003) . If the Red Queen model represents species diversification in a constantly evolving biotic environment and the Court Jester model mirrors diversification in response to major perturbations in the physical environment, the macro-evolutionary dynamics of groundwater Aselloidea better fits with alternative models of diversification implying either multiple asynchronous local perturbations or disruptive selection along an environmental gradient.
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